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Introduction
In highly trained athletes, ventilation limitation has been implicated as a possible determinant of maximal exercise performance (Dempsey and Wagner, 1999) . In healthy, moderately trained individuals, ventilation (V · E ) at peak exercise is considered sufficient for exercise demand while other pulmonary, cardiovascular, and metabolic limitations are considered more important in governing maximal work capacity (Jones and Killian, 2000) . However, while wearing a self-contained breathing apparatus (SCBA), ventilation limitation during exercise has been reported even in untrained individuals (Louhevaara et al., 1985) . This SCBA-induced constraint to V · E is due to the added external resistance to expiration and can limit maximal exercise performance (Raven et al., 1977) .
Helium-oxygen mixtures have previously been used to determine the extent that expiratory airflow limitation (Babb et al., 1991) and inadequate ventilation (Buono and Maly, 1996) limit maximal exercise performance. Helium has a lower density than nitrogen and thus maintains laminar flow at higher flow rates, which in turn decreases both flow resistance and the muscular effort required to exhale (Brice and Welch, 1983) . The resistive unloading with helium has been reported to increase ventilatory rates during heavy exercise in athletes (Buono and Maly, 1996) and sedentary individuals (Esposito and Ferretti, 1997; Hussain et al., 1985) . In a number of studies (Brice and Welch, 1983; Powers et al., 1986) ,V · O 2 max increased in conjunction with the enhanced V · E , demonstrating that the respiratory system can limit maximal exercise performance in healthy individuals during normal mouth breathing. Due to the higher expiratory resistance, the SCBA regulator should cause greater turbulence to airflow than mouth breathing. In theory, helium-based gas could reduce the muscular effort needed to breathe, reduce any ventilatory limitation imposed by the SCBA, and enhance V · O 2 max.
. In a previous exercise study with the SCBA, we demonstrated that hyperoxia (HOX: 40% O 2 , 60% N 2 ) increased V · O 2 max and maximal power output by 10% (Eves et al., 2002a) . However, at V · O 2 max when breathing hyperoxia, V · E and expiratory mouth pressures were similar to those obtained while breathing compressed air, indicating that the external breathing resistance may still limit maximal exercise performance with hyperoxia. To date we are unaware of any studies that have investigated the effect of combining helium and hyperoxia on exercise capacity with the SCBA. We hypothesized that hyperoxic-helium would have a greater effect on maximal exercise performance than helium or hyperoxia alone. Therefore, the purpose of this study was to examine the effects of reduced gas density and increased inspired oxygen content on graded exercise with the SCBA.
Methods

PARTICIPANTS
Fifteen healthy, active men with normal pulmonary function provided written informed consent to participate in the study, which had received approval from the institutional ethics review board. Each participant had previously completed similar graded exercise protocols while dressed in protective clothing and breathing from the SCBA. The physical and pulmonary function characteristics of the subjects as a group are presented in Table 1. EXPERIMENTAL PROTOCOL During a 2-week period, each subject completed a standard spirometry test (SensorMedics 2450, Yorba Linda, CA) to assess lung function and maximal voluntary ventilation (MVV), and then four maximal graded exercise tests (GXT) while dressed in firefighting gear and breathing from the SCBA. The first GXT was always with normoxia (NOX: 21% O 2 , 79% N 2 ). We have previously shown that with well-motivated individuals who are experienced with maximal exercise testing, V · O 2 max is highly reproducible, independent of test order (Eves et al., 2002a) .
The GXT with NOX was followed by randomly assigned tests during which subjects breathed hyperoxia (HOX: 40% O 2 , 60% N 2 ), helium-oxygen (HE-OX: 21% O 2 , 79% He), or helium-hyperoxia (HE-HOX: 40% O 2 , 60% He). Subjects were blinded to the gas mixture used and were asked to avoid making any vocal sounds while breathing from the SCBA and for approximately 3 minutes after each test, due to the change in voice pitch with helium. All tests were performed at a similar time of day and were separated by at least 48 hours. Subjects refrained from additional strenuous exercise while in the study and prepared for each test in a consistent fashion. The inspired gas was delivered through the SCBA regulator from unlabeled K-cylinders located beside the treadmill. The gas in each tank was prepared according to medical gas standards and had been chemically analyzed in the manufacturer's laboratory (Praxair Canada Inc., Edmonton, AB).
To simulate some of the stresses of firefighting, subjects dressed in firehouse clothing (Firewear ™ shirt and trousers) and in National Fire Protection Association standard 1500 compliant protective clothing. A Scott 4.5 bottle and backpack were carried to provide the weight and thoracic constraint normally associated with the SCBA. The mean weight of the SCBA and protective clothing was 22.1 ± 0.3 kg. We made two compromises to "full protective equipment" in order to facilitate data acquisition. For safety and comfort during maximal exercise, the subjects wore running shoes instead of firefighting boots. They wore only one glove so as to allow measurement of oxyhemoglobin saturation with pulse oximetery (SensorMedics), which has been previously validated during exercise (Mengelkoch et al., 1994) . Heart rate was continuously monitored using telemetry (Polar Beat, Polar Electro, Lachine, PQ).
Self-Contained Breathing Apparatus. The Scott 4.5 SCBA was used in this study (Scott Health and Safety, Monroe, NC) . This particular model of SCBA is currently in use by many fire departments and is representative of modern SCBA technology. The SCBA consisted of a lightweight Kevlar cylinder and valve assembly; a harness and backframe; an automatic dual path redundant pressurereducing regulator; a full face piece assembly; and a removable, face-piece-mounted positive-pressure breathing regulator (Scott Presur-Pak ® , E-Z Flo ™ ) with a purge valve. Inactivation of the air-saver switch and low-pressure alarms were the only changes made to the experimental SCBA over those used in the field. The purge valve was closed during all experiments. All of the SCBA components used in this research were maintained within the manufacturer's specifications by a qualified Scott technician.
Gas Exchange Measurements. Expired gases were collected for the measurement of V · E and oxygen consumption (V · O 2 ). The experimental setup used has been described previously (Eves et al., 2002a) . Briefly, a plexiglass cone was designed to fit over the exhalation ports of the SCBA regulator to duct expired gas to the mixing chamber of a TrueMax (Parvo, Salt Lake City, UT) metabolic measurement system. The gas analyzers were calibrated before each test and verified immediately after using primary standard gases containing appropriate concentrations of O 2 and CO 2 in either N 2 or He. Ventilatory parameters (V · E , tidal volume, breathing frequency, and inspiratory and expiratory time) were measured using a pneumotachometer (Hans Rudolph, Kansas City, MO) calibrated with the appropriate inspired gas for each GXT. This was achieved by connecting the inspiratory side of a two-way breathing valve (Hans Rudolph) to a reservoir bag filled with the inhaled gas mixture. The expiratory side of the valve was connected to the metabolic measurement system and, with the use of a calibration syringe, flow rates between 60 and 600 L·min -1 were generated and a standard curve was constructed. Following this procedure, and just prior to the GXT, the pneumotachometer calibration was confirmed using the inhaled gas mixture and the same range of flows as for construction of the standard curve. Calibrations were always within 1% of the previously constructed standard curve for the gas mixture used.
The accuracy of the TrueMax analyzers in measuring V · O 2 with helium-based gas mixtures has been evaluated in our laboratory. In these pilot experiments, nitrogen or helium based gas mixtures containing differing oxygen fractions were passed through the analyzers at selected ventilation rates to produce a range of oxygen consumptions. Regression analysis of the measurements of oxygen consumption with helium and nitrogen gas mixtures demonstrated that the metabolic measurement system used in this experiment accurately measured V · O 2 regardless of the inert gas. Furthermore, the V · O 2 values were highly reproducible (y = 1.034x + 6.757; r 2 = 0.99). Pulmonary Function Tests. Before performing the graded exercise tests, subjects underwent a standard spirometry test to ascertain pulmonary function. They underwent all tests in the sitting position using a computerized spirometry system (SensorMedics 2450). Measurements of forced vital capacity (FVC) and forced expired volume in one second (FEV 1 ) were made according to the recommendations of the American Thoracic Society (1995). Subjects performed a minimum of three FVC maneuvers to ensure good reproducibility of data, and the highest values for FVC and FEV 1 were accepted. Maximum voluntary ventilation was also measured using the same spirometry system. Each subject was encouraged to maintain a maximal effort, breathing as quickly and as deeply as possible over a 12-sec period. After a brief rest the test was repeated. The highest value was accepted as the MVV. Normative values were obtained from those reported by Morris et al. (1976) .
Maximal Voluntary Ventilation with the SCBA. Maximal voluntary ventilation was measured immediately before each GXT while breathing the test gas mixture from the SCBA. The subject was encouraged to maintain a maximal effort while breathing as fast and as deep as possible over a 10-sec period. Expired gases were collected in a Tissot spirometer (Collins, Braintree, MA) and volumes were corrected to body temperature and pressure saturated with water vapor (BTPS).
Graded Exercise Protocol. Each subject followed the same protocol for all 4 test days. He warmed up for 5 minutes at a self-selected test speed (3.5 or 4 mph) on a level treadmill. The warm-up also served as a wash-in period for the test gas mixture. The subject continued to walk at the selected speed and the test began with a 2% increase in grade. Thereafter the grade was increased 2% every 2 min until ventilatory threshold (VT) was detected by a systematic increase in V · E /V · O 2 ratio, while V · E /V · CO 2 remained constant or declined slightly (Wasserman, 1987) . The grade was then increased by 2% every minute until exhaustion. The highest 20-sec V · O 2 value was accepted as V · O 2 max if at least two of the following criteria were met: a plateau in oxygen consumption with an increase in grade; an RER >1.10, and/or attainment of predicted or previously measured maximum heart rate.
Peak inspiratory and expiratory mask pressures were measured at the end of each workload and at maximal exercise using a 0.5-cm inside diameter tube connecting the mask and a differential pressure transducer (MP45, Validyne, Northridge, CA). Mask pressure was recorded on a high-speed chart recorder (Gould, Cleveland, OH). The reported peak inspiratory and expiratory pressures were the mean of five consecutive ventilatory cycles. Mean expiratory flow was calculated (tidal volume/ expiratory time) and then used to estimate external breathing resistance during expiration (expiratory mask pressure/ mean expiratory flow).
Ratings of perceived exertion (RPE) were recorded at the end of each stage using the Borg 15-point scale (Borg, 1982) . Perceptions of respiratory distress (PRD) were also measured using a modified version of the 7-point psychophysical scale previously described (Morgan and Raven, 1985) , in which odd numbers are rated as follows: 1 = "I am not aware of my breathing"; 3 = "I am starting to breathe harder"; 5 = "It is becoming harder to breathe"; and 7 = "I am not getting enough air."
Additional Graded Exercise Test. To evaluate the effect of the SCBA and protective equipment on V · O 2 max compared to a regular graded exercise test, an additional GXT was administered to 8 of the 15 subjects within one week of completing the study. For this test the subjects were dressed in shorts and T-shirt and breathed room air through a Hans-Rudolph two-way breathing valve (Hans Rudolph). The same protocol and criteria for achieving V · O 2 max reported above were used for this test.
STATISTICAL ANALYSIS
All dependent variables measured at maximal exercise and ventilatory threshold with the experimental gas mixtures HOX, HE-OX, and HE-HOX, and the control gas NOX, were analysed with a repeated-measures ANOVA. When the ANOVA detected a significant effect, post hoc comparisons were performed with the Scheffé post hoc multiple comparisons test. Additionally, a repeated-measures ANOVA was also used to assess the tidal volume and breathing frequency responses with the four gas mixtures at comparable ventilation rates. For all analysis of variance and the post hoc tests, the alpha level was set a priori at 0.05. To ascertain any association between the density of the exhaled gas and any changes in maximal voluntary ventilation and maximal ventilation with the SCBA, we performed simple regression analysis using Pearson correlations.
Results
The main aim of this study was to examine the effects of HOX, HE-OX, and HE-HOX on maximal exercise performance with the SCBA compared to the standard practice of breathing compressed air. Therefore most of the results reported in this section will focus on the comparisons between the three experimental gases and NOX. It is also possible to compare differences between all four gas mixtures. To avoid unnecessary complexity, these findings are not discussed in detail. However, significant differences between all four gas mixtures are reported in Tables 2,  3 , and 4. 60. 2.9 ± 0.7 2.9 ± 1.1 2.4 ± 0.5 2.7 ± 0.9
Note: V · O 2 = oxygen consumption; VT = ventilatory threshold as % of normoxic V · O 2 max; RER = respiratory exchange ratio; HR = heart rate; S a O 2 = oxyhemoglobin saturation; RPE = rating of perceived exertion; V · E = ventilation; f = breathing frequency; V T /T E = mean expiratory flow; P I = inspired mask pressure; P E = expired mask pressure; BR = external breathing resistance during expiration; PRD = perceived respiratory distress. Different from: a NOX; b HOX; c HE-OX; d HE-HOX, all p < 0.05
MAXIMAL EXERCISE RESULTS
All maximal exercise results are listed in Table 2 . Compared to NOX, V · O 2 max was significantly increased with HOX (12.9 ± 5.6%), HE-OX (10.2 ± 6.3%), and HE-HOX (21.8 ± 5.6%). The increase in V · O 2 max with HE-HOX was significantly greater than for any other condition. Power output at maximal exercise was also increased 9.2 ± 8.9% with HOX and 11.3 ± 8.3% with HE-HOX, but was unchanged with HE-OX. Concomitant with the increase in V · O 2 max,V · CO 2 was also increased with HOX, HE-OX, and HE-HOX. Oxyhemoglobin saturation at maximal exercise was significantly lower than resting values with all gas mixtures. However, at V · O 2 max, oxyhemoglobin saturation was significantly higher than NOX with HOX, and both helium gases. No significant difference was found for RPE between the four gas mixtures, which indicates that subjects perceived the effort expended in each test to be similar at peak exercise, despite the large increases in V · O 2 max for all three experimental gases.
The breathing patterns during exercise are shown in Figure 1 . At ventilations below 100 L·min -1 , there was no significant difference between the four gas mixtures. However, at comparable ventilation rates above 100 L·min -1 , the two helium-based gases resulted in higher tidal volumes and lower breathing frequencies compared to the nitrogen-based mixtures. At peak exercise, the higher ventilation rates observed with the helium mixtures were associated with significantly higher tidal volumes and breathing frequencies (Table 2) .
Maximum voluntary ventilation on the SCBA was significantly greater with HE-OX (225 ± 37 L·min -1 ) and HE-HOX (207 ± 26 L·min -1 ) compared to NOX (175 ± 27 L·min -1 ) and HOX (172 ± 29 L·min -1 ). However, due to the significant increase in V · E with the helium gases, V · E /MVV at maximal exercise on the SCBA was unaffected by the gas mixture and ranged from 84 to 90% of the SCBA MVV (Table 2) . At maximal exercise, inspiratory times were not affected by gas mixture, but expiratory times were decreased and mean expiratory flow was increased with both HE-OX and HE-HOX.
Peak inspiratory and expiratory mask pressures were lower with the helium mixtures but not with HOX. As a result of the decreased expiratory pressure and the increase in mean expiratory flow with the helium mixtures, external breathing resistance during expiration was 47.6 ± 7.6% and 32.9 ± 8.9% lower with HE-OX 8.7 ± 1.6 a 8.1 ± 1.5 a 8.2 ± 1.2 a P I , cm H 2 O -1.5 ± 0.9 c -1.0 ± 0.5 -0.8 ± 0.4 a -1.0 ± 0.4 BR, cm H 2 O·L -1 ·s -1 5.9 ± 1.0 c,d
6.0 ± 1.1 c,d 4.4 ± 1.2 a,b 4.5 ± 0.6 a,b PRD 2.9 ± 0.7 2.4 ± 1.1 2.4 ± 0.5 2.4 ± 0.9
Note: V · O 2 = oxygen consumption; RER = respiratory exchange ratio; HR = heart rate; S a O 2 = oxyhemoglobin saturation; RPE = rating of perceived exertion; V · E = ventilation; f = breathing frequency; V T /T E = mean expiratory flow; P E = expired mask pressure; P I = inspired mask pressure; BR = external breathing resistance during expiration; PRD = perceived respiratory distress. Different from: a NOX; b HOX; c HE-OX; d HE-HOX, all p < 0.05 and HE-HOX, respectively. In addition to increased flow rates, decreased mask pressures, and decreased external breathing resistance, PRD was also significantly reduced at maximal exercise with HE-HOX.
RESULTS AT VENTILATORY THRESHOLD
Results at VT for each gas mixture are reported in Table 3 . Ventilatory threshold occurred at a significantly higher V · O 2 with HOX and HE-HOX, but not with HE-OX. Compared to the normoxic V · O 2 max, ventilatory threshold occurred at a sig- Figure 1 . Relationship between breathing frequency and tidal volume at comparable ventilations (V · E ) during graded exercise while breathing the experimental gas mixtures from the SCBA. Each gas mixture is compared with NOX. As V · E was significantly greater with the helium gas mixtures at end exercise, the final comparison is between peak exercise values (N = 15). † HE-OX significantly different from NOX, p < 0.05; ‡ HE-HOX significantly different from NOX, p < 0.05. nificantly higher percentage of V · O 2 max with the two hyperoxic mixtures. Moreover, VT occurred at a higher percentage of normoxic V · O 2 max with HE-HOX than with all other gases. To accompany the increase in V · O 2 at VT, power output was also higher with HOX (9.8 ± 5.0%) and HE-HOX (14.6 ± 5.8%). The respiratory exchange ratio, heart rate, and RPE were similar between all four gas mixtures and, as expected, oxyhemoglobin saturation was significantly higher with the hyperoxic mixtures. Minute ventilation at VT was significantly higher with HE-HOX but not with HOX, despite the similar increases in power output achieved with both gas mixtures. The increase in V · E with HE-HOX was due to a significant increase in breathing frequency. At ventilatory threshold, mean expiratory flow was increased and inspiratory and expiratory mask pressures were reduced with HE-OX and HE-HOX. The increase in mean expiratory flow and the reduction in peak expiratory pressure with the helium based gases led to a reduction in external breathing resistance of 24.8 ± 16.3% with HE-OX and 24.6 ± 12.6% with HE-HOX. Perceived respiratory distress was not significantly different with any gas mixture. Table 4 compares selected physiological parameters at a comparable power output to where VT occurred with NOX. At this workload we found no significant difference in V · O 2 between the four gas mixtures. RER was significantly reduced with HOX and HE-HOX, but unchanged with HE-OX. Compared to NOX, heart rate was significantly lower and arterial saturation was significantly higher with HOX and HE-HOX, while no differences were found for either variable with HE-OX. At this comparable power output, the rating of perceived exertion was not different from NOX with HOX and HE-OX, but it was lower with HE-HOX. Ventilation was similar between NOX and the two helium mixtures at this power output, but it was lower with HOX. The lower V · E with HOX was due to a reduction in tidal volume without a change in breathing frequency. Inspiratory mask pressure was significantly lower with HE-OX and expiratory mask pressure was decreased with all three experimental gases. Furthermore, expiratory flow was enhanced and external breathing resistance was reduced with the helium gases. However, no significant change was observed in perceived respiratory distress.
RESPONSES AT NORMOXIC VENTILATORY THRESHOLD
Discussion
The primary finding of this study was that all three experimental gas mixtures increased V · O 2 max compared to NOX. The use of helium-based gas mixtures with the SCBA is unique, and both HE-OX and HE-HOX increased V · E above the maximal value obtained with NOX. The extent to which HE-OX enhanced V · E is consistent with other research (Babb, 2001; Buono and Maly, 1996; Esposito and Ferretti, 1997; Krishnan et al., 1997) and, combined with a concomitant increase in V · O 2 max, supports the conclusion that pulmonary ventilation is a limiting factor to maximal exercise with the SCBA (Louhevaara et al., 1985) . Babb (2001) stated that while respiratory drive remains unaltered during heavy exercise with NOX or HE-OX, it is the reduced impedance to airflow with HE-OX that increases V · E . This is the most plausible explanation for the increased V · E in the present study. Gas flow through the regulator and the respiratory airways is either laminar or turbulent depending on airway radius, velocity of flow, and the viscosity and density of the gas mixture. As helium has a density seven times lower and a viscosity only slightly higher than nitrogen, flow during helium breathing becomes turbulent or transitional at significantly higher flow rates than with air. This would decrease the resistance to gas flow through the SCBA regulator and subsequently would reduce the expiratory flow limitation imposed by the SCBA, allowing V · E to increase. There were high correlations between exhaled gas density and MVV (r = 0.99) and V · E at maximal exercise (r = 0.99), confirming that the ventilatory effects of the experimental gases used in our study were due to the physical properties of the gases (Figure 2) .
At normoxic VT, the ventilatory response to exercise for HE-OX and HE-HOX did not differ significantly from NOX. This finding demonstrates that at lower ventilatory volumes where flow may still be predominantly laminar, V · E is not dependent on gas density, which agrees with the findings of others (Babb, 1997; 2001; Brice and Welch, 1983) . However, at V · O 2 max, ventilation was increased with HE-OX and HE-HOX as previously mentioned, which confirms the notion that benefits of resistive unloading with helium are greater at higher ventilatory outputs where turbulent flow would be more predominant. In contrast to the helium mixtures, V · E was lower with HOX at the normoxic VT. This finding supports previous work which has reported a reduced V · E at submaximal power outputs when fraction of inspired oxygen is increased (Byrnes and Mullin, 1981; Eves et al., 2002b; Wilson and Welch, 1975) , and is likely due to a direct reduction of peripheral chemoreceptor activation (O'Donnell et al., 2001) . The breathing patterns shown in Figure 1 , where tidal volume reached a plateau, have been reported for endurance-trained athletes accompanying flow limitation and when end-inspired lung volume exceeds 85% of TLC (McClaran et al., 1999) . At high lung volumes, the elastic work of breathing is elevated and forces further increases in V · E to be driven by breathing frequency alone. Our finding of a plateau in tidal volume at relatively lower ventilation rates with the nitrogen-based mixtures is consistent with an increase in end-expired lung volume (dynamic hyperinflation) with the more dense gas mixtures, which would limit any further expansion in tidal volume. Unfortunately, due to the nature of the SCBA, lung volumes could not be determined during exercise in this study. However, as helium reduces expiratory flow limitation, breathing helium-based gases may slow the development of any dynamic hyperinflation brought on by the increased expiratory resistance of the SCBA, thus permitting larger tidal volumes. Brice and Welch (1983) correctly point out that a lower ventilatory mass is moved while breathing HE-OX compared to NOX, which implies a reduction in ventilatory effort. In contrast, Babb (2001) reported that breathing HE-OX does not reduce the work of breathing or the peak expiratory pressure at VT or V · O 2 max in healthy elderly persons with normal pulmonary function. However, Babb (2001) matched the external resistance (valve, pneumotachograph, and tubing) between HE-OX and room air to study the work of breathing imposed exclusively by the lung. As we were using HE-OX to decrease the external breathing resistance imposed by the expiratory valves of the SCBA regulator, this was not done. In our study, external expiratory resistance, inspiratory and expiratory mask pressures, and PRD were all reduced at V · O 2 max while breathing the helium mixtures, suggesting that the SCBA-induced work of breathing was decreased at peak exercise. However, it is possible that the total work of breathing could have been increased since V · E and tidal volume were increased at maximal exercise with the helium mixtures.
Our finding of a 10.2% increase in V · O 2 max with HE-OX was higher than the 6.7% (Powers et al., 1986 ) and the 5.0% (Brice and Welch, 1983) previously reported. This difference likely reflects the greater benefit of breathing helium when there is an added external resistance such as the SCBA. The 21.8% increase in V · O 2 max with HE-HOX was substantially greater than that obtained with HE-OX or HOX. As this is the first report of V · O 2 max measured during hyperoxichelium breathing, we cannot compare our findings to those of others. The only other study that used hyperoxic-helium during heavy exercise, but not with the SCBA (Wilson and Welch, 1980) , reported that 80% O 2 , 20% He increased time to exhaustion approximately 14% over that obtained with hyperoxia (80% O 2 , 20% N 2 ). The results of our study and those of Wilson and Welch (1980) suggest that helium-hyperoxic mixtures have considerably more impact than normoxic-helium or hyperoxia alone. Figure 3 shows a summary of the V · O 2 max results obtained relative to the gas density of the exhaled gas (assuming the exhaled gas contained 5% CO 2 , and a difference between inspired and expired O 2 of 5%). It is interesting that the effect of lowering exhaled gas density has a similar effect on V · O 2 max (similar slopes) regardless of whether the inspired gas contained normoxic or hyperoxic gas. The graph also shows that the impact of increasing inspired O 2 is greater than that of decreasing gas density with helium.
The elevated oxyhemoglobin saturation at maximal exercise with all three experimental gas mixtures reflects increased oxygen supply to the working muscles, which in turn would help increase V · O 2 max. The higher oxyhemoglobin saturation at end-exercise with HE-OX was probably related to the higher V · E (Powers et al., 1986) , and supports the hypothesis that V · E is attenuated during heavy exercise while breathing compressed air through the SCBA. In a previous study, we concluded that the increase in V · O 2 max while breathing 40% O 2 from the SCBA can be explained by increased O 2 delivery secondary to increased oxyhemoglobin saturation (Eves et al., 2002a) . The comparable findings in this study support our contention that O 2 supply is predominantly responsible for the increase in V · O 2 max found with HOX. Figure 4 illustrates that V · O 2 max increases with higher oxyhemoglobin saturation at maximal exercise. The triangular area bounded by NOX and HOX shows the effects of oxyhemoglobin saturation on V · O 2 max with the SCBA. However, the effect of helium appears to be over and above that of oxyhemoglobin saturation. Furthermore, the effect of HE-HOX combines both the effects of the hyperoxia and helium. This additional effect of helium may be related to unloading of the respiratory musculature during heavy exercise, enhancing O 2 delivery to the other working muscles beyond that simply related to increasing oxyhemoglobin saturation. This is supported by studies demonstrating that respiratory unloading at V · O 2 max with a proportional assist ventilator reduces the demand for O 2 by the respiratory muscles, increases leg blood flow (Harms et al., 1997) , and increases maximal power output (Harms et al., 1998) . It is also possible that the external expiratory breathing resistance imposed by the SCBA creates a condition analogous to a "symptom-limited" maximal exercise capacity. The contention that the SCBA limits maximal exercise is supported by the results of the additional GXT administered to 8 of the 15 partici- pants. When compared to the NOX test with the SCBA, V · O 2 max was increased 22.7 ± 2.6%, underscoring the limitations to maximal exercise imposed by the SCBA and the protective clothing. The increases in V · O 2 max with HOX and HE-OX at least partially alleviate these limitations, whereas HE-HOX restores performance to the normal level that would be achieved without the SCBA. We are unaware of any other reports of the assessment of ventilatory threshold with the SCBA. The ventilatory responses normally associated with graded exercise and the concept of an "anaerobic threshold" occur in a very similar fashion compared to those previously reported with mouth breathing (Wasserman, 1987) . Furthermore, as V · O 2 and V · E were the same for all four gas mixtures at the normoxic VT, and the effect of the external breathing resistance imposed by the SCBA appears to only influence V · E at ventilations greater than 100 L·min -1 , we believe the ventilatory threshold technique used is appropriate for evaluating exercise responses with the SCBA.
Breathing HE-OX did not change the functional parameters associated with VT (e.g., V · E , V · O 2 , power output, RPE, and HR); however, the markers of respiratory effort (expired flow, inspiratory and expiratory pressure, and external breathing resistance) were significantly lower. The two hyperoxic mixtures clearly enhanced the power output at which VT occurred, and this finding has significant implications for work performance with the SCBA. The elevated VT with both HOX and HE-HOX indicates that a higher power output can be achieved before the onset of VT.
At the power output that elicited VT with compressed air, we observed that RER, heart rate, and expiratory mask pressure were lower with both hyperoxic mixtures. In addition, external breathing resistance and RPE were lower with HE-HOX. These findings suggest that at submaximal work intensities, breathing a hyperoxic mixture, especially with helium as the inert gas, could improve exercise tolerance in occupations in which wearing the SCBA is mandatory.
In summary, HOX, HE-OX, and HE-HOX increased V · O 2 max while wearing firefighting gear and breathing from the SCBA. With the hyperoxic mixtures, the increase in aerobic power was associated with an increase in maximal power output. Normoxic and hyperoxic-helium mixtures increased maximal V · E because of a reduction in the impedance to gas flow through the SCBA regulator. This was associated with increased flow rates, decreased inspiratory and expiratory mask pressure, and reduced external breathing resistance both at VT and V · O 2 max. The results of this study clearly demonstrate the ability of normoxic-helium and hyperoxic-helium to decrease expiratory breathing resistance and improve work performance while wearing the SCBA. Furthermore, the ability of HE-HOX to increase V · O 2 max to the same level as breathing room air without the SCBA indicates that this gas mixture can eliminate the restrictions imposed by the SCBA and protective clothing.
